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Abstract
Despite a rapidly growing literature, the role played by the brain in both normal glucose homeostasis and in type 2 diabetes
pathogenesis remains poorly understood. In this review, we introduce a framework for understanding the brain’s essential role in
these processes based on evidence that the brain, like the pancreas, is equipped to sense and respond to changes in the circulating
glucose level. Further, we review evidence that glucose sensing by the brain plays a fundamental role in establishing the defended
level of blood glucose, and that defects in this control system contribute to type 2 diabetes pathogenesis. We also consider the
possibility that the close association between obesity and type 2 diabetes arises from a shared defect in the highly integrated
neurocircuitry governing energy homeostasis and glucose homeostasis. Thus, whereas obesity is characterised by an increase in
the defended level of the body’s fuel stores (e.g. adipose mass), type 2 diabetes is characterised by an increase in the defended
level of the body’s available fuel (e.g. circulating glucose), with the underlying pathogenesis in each case involving impaired
sensing of (or responsiveness to) relevant humoral negative feedback signals. This perspective is strengthened by growing
preclinical evidence that in type 2 diabetes the defended level of blood glucose can be restored to normal by therapies that
restore the brain’s ability to properly sense the circulating glucose level.
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Introduction
Like other homeostatically defended variables, the circulating
glucose level in healthy individuals is continuously maintained within narrow physiological limits. The stability of this
glucose ‘set point’ arises from an elegant and highly integrated
multi-organ control system that dynamically coordinates
glucose entry into and removal from the circulation.
Although many tissues are involved, the pancreas and brain
exert primary control over this process. As ingested nutrients
are absorbed into the circulation following a meal, increased
insulin secretion promotes glucose disposal into muscle and
fat and inhibits endogenous glucose production by the liver,
thereby minimising changes in blood glucose levels. The
brain helps to coordinate not only the magnitude and timing
of the insulin response [1] but also insulin-independent mechanisms that reduce glucose production while enhancing
disposal [2]. Here, we review interactions between brain and
pancreas that establish the defended blood glucose level and
present evidence from humans and animals that both organs
must sense the circulating glucose level for this process to
function normally. We conclude that impairment of this
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central control system is fundamental to the pathogenesis of
type 2 diabetes.

Evidence linking brain glucose sensing
to the glycaemic set point
Evolution of brain glucose sensing Roughly seven decades
before the discovery of insulin in 1921, Claude Bernard
invoked a key role for the brain in glucose homeostasis [3],
consistent with the view that the brain is responsible for
homeostatic control of a broad range of variables upon which
survival depends. Since the brain relies almost exclusively on
glucose as a fuel, its role in ensuring its availability is in
keeping with principles of physiology. While this concept
was largely abandoned following the discovery of insulin,
recent findings suggest that it warrants a second look.
Work in the fruit fly Drosophila melanogaster [4] reveals
that both the systemic glucose level (in haemolymph) and
glucose-induced secretion of the fly insulin homologue are
governed by a single pair of neurons that sense glucose using
cellular machinery analogous to that found in mammalian beta
cells. Silencing these neurons causes elevation of systemic
glucose levels, demonstrating that their function is essential
for normal glucose homeostasis in flies. Interestingly, this
effect is associated with reduced insulin secretion even though
insulin-secreting cells themselves are not directly impacted
[4]. These findings suggest that over the course of evolution,
glucose homeostasis originated as a process governed by the
brain, as envisioned by Claude Bernard, with insulin secretion
lying downstream of brain glucose sensing. Another implication is that cellular machinery for glucose sensing evolved
originally in neurons, subsequently being co-opted for use in
mammalian beta cells. Although glucose homeostasis in
mammals is more complex, evidence suggests that a version
of the Drosophila brain control system has been retained over
the course of mammalian evolution.
We propose herein a model in which normal glucose
homeostasis depends upon afferent information regarding
the circulating glucose level provided to the brain by both
peripheral and central glucose-sensing mechanisms (Fig. 1a).
This information is in turn predicted to modulate glucoseinduced insulin secretion (GSIS) and other components of
the glucose homeostasis system so as to balance the rates of
glucose entering and leaving the circulation. Pancreatic islets
function with a high degree of autonomy under usual conditions; minimal input from the brain is required while blood
glucose levels remain within their defended physiological
range [5]. Accordingly, the role of the brain becomes more
apparent when levels deviate from this range.
Acquired or inherited defects in the brain’s ability to sense
circulating glucose levels are proposed to result in the perception of the levels being lower than they actually are. While the
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nature of this glucose-sensing defect remains unclear, several
possibilities exist. First, the increase in brain glucose concentration and brain glucose uptake that accompanies the increase
in blood glucose is blunted in diabetic rodents [6, 7] and
humans [8–11]. Second, neuronal glucose sensing may be
dysfunctional [5]. In mice, brain-specific ablation of GLUT2
[12] or glucokinase [13] (key cellular mediators of glucose
sensing in both beta cells and neurons) impairs glucose homeostasis. In rats, diabetes is associated with reduced hypothalamic
glucokinase activity, and glucose homeostasis is improved by
reversing this defect [14, 15]. These observations are consistent
with a model in which brain sensing of circulating glucose
levels is impaired in type 2 diabetes and, in response, the brain
raises the defended blood glucose level, with reduced GSIS
being a key component of this response (Fig. 1b). Additional
evidence implicating this type of central defect in the pathogenesis of type 2 diabetes is reviewed below.
Brain control of glucose homeostasis during hypoglycaemia
Glucose-sensing neurons are concentrated in brain areas
involved in glucose homeostasis [16], and the brain establishes the lower boundary of the blood glucose level in
mammalian species. Specifically, the brain mounts ‘counterregulatory’ responses (CRRs) that restore blood glucose to the
normal level should it drop below this boundary [17]. Because
this lower boundary is seldom crossed in healthy individuals,
the brain’s role in glucose counter-regulation is usually
viewed as an emergency response to a pathological state rather
than an integral aspect of day-to-day glycaemic control.
Nevertheless, specific downstream components of this brainmediated CRR, such as adrenaline (epinephrine) secretion,
can be considered robust biomarkers of what the brain
perceives as the lower limit of the defended blood glucose
level; the steadiness of this lower boundary suggests continuous homeostatic inputs that involve neural control.
This raises the question of whether the brain has the capacity to raise the defended blood glucose level above the normal
range in response to a perceived deficit in fuel availability.
This capacity is illustrated by experimental induction of
‘neuroglycopenia’, which has been undertaken in many
mammalian species, including non-human primates [18].
Neuroglycopenia is induced by administration of 2deoxyglucose or other non-metabolisable glucose analogues
that impair neuronal glucose utilisation. The brain’s response
to this stimulus mimics that induced by hypoglycaemia:
increased glucose production combined with decreased
peripheral glucose utilisation drives blood glucose levels
upwards to a stable, hyperglycaemic plateau sufficient to overcome the underlying defect in neuronal glucose sensing. This
hyperglycaemia is fully recapitulated in rodents by
optogenetic or chemogenetic activation of subsets of neurons
in the CRR circuit activated by hypoglycaemia that are situated in the hypothalamic ventromedial nucleus (VMN)
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Fig. 1 Model describing the role of the brain in glucose homeostasis. (a)
Maintenance of blood glucose levels within a narrow physiological range
requires balancing of glucose disappearance from and entry into the bloodstream. This balance is achieved via both insulin-dependent and insulinindependent mechanisms that are enhanced when blood glucose deviates
from its regulated levels. Secreted by the pancreas in response to rising
glucose levels, insulin promotes glucose disposal by inducing glucose
uptake into insulin-sensitive tissues (e.g. adipose, muscle), while also reducing glucose appearance by inhibiting hepatic glucose production (black
arrows). Glucagon opposes the latter effect by stimulating glucose production by the liver. The blood glucose level is also sensed by the brain via
afferent input (blue arrows) to both central (e.g. arcuate nucleus–median
eminence, NTS) and peripheral sensing mechanisms. When glucose levels

deviate from the defended level, the brain powerfully adjusts both insulindependent and insulin-independent determinants of glucose entry into and
removal from the circulation (red arrows) (in part via effects on insulin
secretion) through the autonomic nervous system that ultimately return
the glucose level to normal. (b) Impairment of the brain’s ability to sense
blood glucose levels (blue dots) can result from either a genetic or acquired
defect. This causes the perceived glucose level to be lower than it truly is
and, in response, the brain raises the defended blood glucose level in part by
inhibiting GSIS. This pathogenic sequence is proposed to play a major role
in type 2 diabetes pathogenesis. ARC, arcuate nucleus; ME, median
eminence; NTS, nucleus tractus solitarius. Figure created in Biorender.
com. This figure is available as part of a downloadable slideset

[19–21]. The expected increase in insulin secretion in
response to this neurocircuit-induced hyperglycaemia is
suppressed as part of the brain response to reduced glucose
availability. Thus, the brain responds to experimentally
reduced glucose availability by raising the defended blood
glucose level, in part by inhibiting insulin secretion.

glucoregulatory neurons in the VMN are inactivated, providing information on what the neurons actually do (as opposed
to what they are capable of doing when activated). In a recent
study by Flak and colleagues [21], silencing a subset of glutamatergic CRR neurons in the VMN (marked by expression of
the cholecystokinin B [CCK-B] receptor) of otherwise normal
mice caused a ~25% reduction in blood glucose levels.
Implicit in this finding is the intriguing concept that a specific
subset of VMN neurons participating in the CRR is also a
physiological determinant of the defended blood glucose
level. More important is the observation that inactivation of
these neurons not only impairs the ability to mount CRRs in
response to neuroglycopenia [24, 25] but also ameliorates
hyperglycaemia in diabetic mice [21]. Thus, neurons in the
circuit responsible for mounting the brain response to reduced
glucose availability are key contributors to hyperglycaemia in
diabetic animals.
These observations are consistent with a model in which
the capacity of the brain to sense blood glucose levels is

Brain control of glucose homeostasis during diabetic
hyperglycaemia Importantly, the lower limit of the defended
blood glucose range increases as mildly abnormal glucose
metabolism progresses to the initial phase of type 2 diabetes
[22]. Stated differently, the threshold at which adaptive CRRs
are recruited increases progressively in parallel with the onset
of hyperglycaemia, such that the threshold for CRR activation
is higher than normal [22, 23]. This implies that in type 2
diabetes, the elevated glycaemic set point continues to be
defended by the brain even as it rises out of the normal range.
The brain’s contribution to diabetic hyperglycaemia is also
illustrated by studies in rodents wherein subsets of the CRR
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impaired in diabetes, such that neurocircuits that raise the
defended glucose level are activated to compensate for
perceived glucose deficiency. Clinical evidence supporting
this hypothesis is provided by data from individuals with
MODY 2, caused by mutation of the gene encoding glucokinase (MODY2 [also known as GCK]) [22]. Glucokinase is
essential for cellular glucose sensing in hypothalamic neurons
as well as in beta cells, in both humans and rodents [26] and,
although glucose homeostasis in individuals with MODY 2
remains largely intact, their glycaemic range is set somewhat
higher than in unaffected people. Furthermore, the threshold
for activating central nervous system (CNS)-driven CRR
responses to hypoglycaemia (e.g. adrenaline secretion) is
increased in MODY 2, mimicking the situation in type 2
diabetes [22, 23]. Although the MODY2 mutation impairs
glucose sensing in both beta cells and neurons, the former
cannot explain the upward re-setting of the glycaemic threshold for adrenaline secretion, as this response is entirely dependent on the brain. The elevated glycaemic threshold for adrenaline secretion in affected individuals therefore offers prima
facie evidence that impaired neuronal glucose sensing is sufficient to raise the lower boundary of the defended blood
glucose level in humans with MODY 2, as observed in type
2 diabetes. Full mapping and characterisation of the
neurocircuitry involved in this response are a priority.

CNS control of islet function
One obvious way for the brain to maintain glucose homeostasis is by modulation of pancreatic islet function. Five decades
of research incorporating a diverse range of human and animal
experimentation has demonstrated conclusively that release of
insulin and glucagon in response to circulating and sensory
stimuli is influenced by neural input under physiological
conditions [27, 28]. The neuronal architecture that allows this
brain–islet connection involves neurons situated in hypothalamic and brainstem nuclei, many having glucose-sensing
properties and some overlapping with neurocircuits that
control food intake and body fat mass. Neurons in these brain
areas project to the islet via multi-synaptic relays involving
both limbs of the autonomic nervous system. Plasma insulin
levels are altered rapidly by various perturbations that disrupt
normal activity of these neurocircuits. Thus, the case for the
existence of a refined system for brain control of islet hormone
release is convincing and well supported, and the relevant
neurocircuitry, although incompletely understood, overlaps
with that involved in energy homeostasis.
Sympathetic and parasympathetic nervous system outflow
Pancreatic islets are innervated by sympathetic nervous
system (SNS) and parasympathetic nervous system (PNS)
fibres. Recent 3D imaging of cleared human pancreatic tissue
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shows dense innervation similar to that reported in rodents
[29]. The activity of SNS or PNS fibres influences secretion
of both insulin and glucagon in ways that can potently impact
blood glucose levels. Whereas nutrient-mediated secretion of
insulin during a meal is augmented by an associated increase
of PNS outflow to the pancreas [1], the hypoglycaemiainduced increase in SNS outflow to the islet [30] stimulates
glucagon secretion and potently inhibits GSIS [31].
Sympathetic fibres supplying the liver are also activated as
part of the CRR and, together with increased plasma adrenaline (arising from activation of the adrenal medulla) and glucagon, these responses drive increased hepatic glucose production in an effort to restore normoglycaemia [32]. Suppression
of insulin secretion in this setting involves activation of βadrenergic receptors on beta cells resulting from either
increased SNS outflow directly to the islet or increased circulating adrenaline levels (or both) [33, 34].
Neural control of islet function also plays a physiological
role in cephalic-phase insulin release (insulin secretion in
response to feeding cues but before nutrient absorption or
increase in blood glucose) [35]. The cephalic phase is mediated by vagal cholinergic signals, is amenable to behavioural
entrainment and contributes to glucose tolerance [36]. While
cephalic insulin release has become the defining feature of
neural regulation of insulin secretion, neural factors also
contribute to the postprandial insulin response. Meal
consumption triggers parasympathetic outflow to the islet,
and pharmacological blockade of these signals reduces prandial insulin in humans and animal models [1]. How CNS
signals interact with endocrine control of the pancreas during
meal absorption is incompletely understood but a component
of brain regulation of prandial islet function seems likely.
A stronger case can be made for CNS control of glucagon
secretion [28]. As noted above, hypoglycaemia-induced activation of the SNS triggers glucagon secretion from islet alpha
cells [37], which in turn activates hepatic glucose production.
This glucagon response is impaired if islets are denervated (e.g.
islet/pancreas transplantation or diabetic neuropathy) [38]. The
brain is also implicated in the control of postprandial glucagon
secretion [39], and growing evidence suggests that this glucagon response plays a key role in meal-induced insulin secretion
[40]. Together, these findings support a model in which mealinduced PNS outflow coordinates the islet response to feeding.
Ample evidence also points to a role for the brain in control
of glucose handling by the liver. Recent work shows that in
both humans and rodents, intact brain KATP channel activity is
required for the ability of hyperglycaemia to suppress endogenous glucose production (a key component of ‘glucose effectiveness’, the ability of glucose to promote its own disposal
independent of insulin action) [2]. In addition to its influence
over islet function, discussed below, control of glucose effectiveness is emerging as an important mechanism whereby the
brain controls glucose homeostasis.
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Neurocircuits linking islet and brain Efforts to map brain-toislet circuitry have identified glucoregulatory neuronal populations within brainstem, midbrain and hypothalamus that are
linked synaptically to autonomic neurons supplying the
pancreas. Recent work is beginning to functionally characterise this circuitry [41–44]. Many glucose-sensing neurons able
to affect islet function have been identified, although whether
and how they might be integrated into the broader network of
neurocircuits involved in glucose homeostasis is unknown.
Recently, Rosario and colleagues [41] showed that the hypothalamic arcuate nucleus, lateral hypothalamic area and VMN
contain neurons that are connected via multi-synaptic relays to
efferent autonomic fibres supplying pancreatic islets in mice.
Moreover, experimentally lowering neuronal glucose sensing
within each hypothalamic region produces a distinct effect on
glucose homeostasis. Additional work is needed to map the
neurocircuitry underlying brain control of islet function.

Targeting the brain to restore
normoglycaemia in rodent models
of diabetes
Transient glucose lowering in diabetes Perhaps the most
clear-cut evidence of the brain’s ability to control blood
glucose levels derives from rodent models of diabetes (type
1 and type 2) in which the brain is targeted to ameliorate
hyperglycaemia. A recurring theme from these studies is that
in diabetic animals, insulin-independent mechanisms play a
key role in brain-mediated glucose lowering. One early study
involved intracerebroventricular (i.c.v.) administration of the
adipocyte hormone leptin to rats or mice with uncontrolled,
insulin-deficient diabetes [45]. This work unexpectedly
showed not only that hyperglycaemia can be fully normalised
by continuous central leptin administration but also that the
dose needed to achieve this effect was low enough to have no
measurable effect when given systemically. Most leptin
actions occur within minutes to hours after i.c.v. administration, so the fact that it took 4–5 days of continuous leptin
administration for correction of hyperglycaemia to occur
was also unexpected. The i.c.v. administration of leptin
normalised both the excessive hepatic glucose production
and the reduced tissue glucose utilisation characteristic of
uncontrolled diabetes, despite persistent, severe insulin deficiency. This highlights the brain’s capacity to engage glucoselowering mechanisms resembling those engaged by systemic
insulin, even though they are insulin-independent [46].
Hypothalamic areas such as the VMN, crucial to normal
glucose homeostasis, are also implicated in leptin’s glucoselowering effect [47], suggesting an overlap in neurocircuits
governing energy homeostasis and glucose homeostasis.
Further evidence stems from investigation into the potent
glucose-lowering actions of fibroblast growth factor (FGF)
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family members. This work initially focused on two hormonal
members of this family, FGF21 and FGF19, secreted primarily by the liver and gastrointestinal tract, respectively. When
administered systemically at pharmacological doses, both
peptides transiently normalised blood glucose in rodent
models of type 2 diabetes [48]. Although originally proposed
to involve a peripheral mechanism, subsequent work
established that at pharmacological doses, both FGF21 and
FGF19 promote glucose lowering largely if not exclusively
via actions in the brain [49, 50]. Once again, insulinindependent mechanisms appear to be involved [50].
Sustained blood glucose lowering Extending this work are
studies focused on glucose lowering by central administration
of the tissue growth factor FGF1. Hyperglycaemia is normalised in rodent models of type 2 diabetes following i.c.v. injection of FGF1 but, unlike the effects of FGF19 or FGF21, the
glucose-lowering action of a single i.c.v. injection of FGF1
lasts for weeks or even months [51]. This FGF1 action is
mediated in the mediobasal hypothalamus (MBH) [52], largely through insulin-independent mechanisms, although a
protective effect on both basal insulin secretion and beta cell
mass is also observed [53, 54].
While mechanisms underlying the sustained glucoselowering action of FGF1 in the MBH await additional study,
our recent work points to a role for glia–neuron interactions
[55] and associations with FGF1-induced changes in the
extracellular matrix [56]. Whatever the mechanism, the data
collectively suggest that in rodent models of type 2 diabetes,
hyperglycaemia arises from pathological processes that can be
corrected (or overridden) through the hypothalamic action of
FGF1. Efforts to identify brain mechanisms driving
hyperglycaemia in type 2 diabetes, and determine how they
are ameliorated by FGF1, are a priority for future work.

Reconciling evidence supporting islet-based
models of diabetes pathogenesis
Pancreatic islets are sufficient to control blood glucose without input from the brain Normoglycaemia can be achieved by
islet or pancreas transplantation in diabetic humans and
animals, implying that an adequate supply of functional islets
is sufficient for normal glucose homeostasis without input
from the brain and, therefore, that brain input is dispensable
for normal glucose homeostasis. While we concur with the
former assertion, the latter is misguided because under physiological conditions, islets are under neural control.
Consequently, removing this control creates a nonphysiological state that is informative as to what islets can
do in the absence of brain control but does little to inform
our understanding of how physiological glucose homeostasis
normally works.
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Accounting for beta cell dysfunction in type 2 diabetes There
is little doubt that abnormal insulin secretion is fundamental to
the pathogenesis of type 2 diabetes [57]. In the transition from
normal to abnormal glucose tolerance, for example, beta cell
dysfunction is detectable even before the onset of frank
hyperglycaemia [58]. Although the nature of the underlying
beta cell lesion remains uncertain, defective proinsulin
processing, amyloid formation and increased cell death are
each reported [59]. A causal role for cell-autonomous beta cell
dysfunction in the pathogenesis of type 2 diabetes is further
strengthened by evidence that beta cells express a majority of
gene variants identified as being associated with type 2 diabetes [60] (although many of these variants are also expressed in
the brain). That beta cell dysfunction contributes to type 2
diabetes pathogenesis is therefore not in question. What
remains to be established is the extent to which this dysfunction originates within the beta cell and/or constitutes the key
initiating event in the disease process.
Does beta cell dysfunction in type 2 diabetes involve a
primary, cell-autonomous lesion or does it instead reflect an
interaction between genetic susceptibility and metabolic
consequences of the disease (e.g. ‘glucotoxicity’ and
‘lipotoxicity’ [61])? We favour the latter, and suggest that in
genetically susceptible individuals, any pathological process
that raises the defended level of blood glucose out of the
normal range (including diminished brain sensing of the circulating glucose level) has the potential to trigger the vicious
cycle of escalating beta cell dysfunction and metabolic impairment characteristic of type 2 diabetes. Input from the brain
may exacerbate beta cell dysfunction in this setting since most
endocrine cell types become dysfunctional if they are subjected to either prolonged inhibitory input (e.g. a sustained
increase of SNS tone to the islet) or withdrawal of trophic
support (e.g. reduced PNS tone). A CNS mechanism that
drives hyperglycaemia in part by inhibiting GSIS (as occurs
when glucoregulatory VMN neurons are activated), therefore,
can potentially set this pathological cascade in motion.

Reconsidering the link between obesity
and type 2 diabetes
The obesity to type 2 diabetes transition The conceptual basis
for the model advanced herein has its roots in our current
understanding of obesity, a closely related metabolic disorder.
Although many factors can contribute to excessive weight
gain, body fat mass continues to be biologically defended
even as it increases out of the normal range in obese individuals (Fig. 2). Stated differently, obesity is a disorder
characterised by a progressive increase in the defended level
of the body’s primary stored fuel (triacylglycerol), so weight
lost through energy restriction tends to be regained, regardless
of whether one starts out being lean or obese [62]. Elevated
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body fat mass in obesity may be explained by the brain
becoming resistant to input from negative feedback signals
(e.g. leptin) that inform the brain regarding the amount of
body fuel stored as fat [62, 63]. This resistance causes the
brain to perceive the amount of body fat to be lower than it
actually is and hence activates responses that raise body fat
mass to a level sufficient to overcome the resistance. The net
effect is a new steady state in which body fat mass and circulating negative feedback signals are both sufficiently
increased to overcome the brain’s resistance to this input.
While this proposed mechanism is not intended to capture
the complexities of obesity pathogenesis in their entirety, it
is highly likely that it is involved in the defence of elevated
body fat mass characteristic of most obese individuals [62].
By analogy, we hypothesise that type 2 diabetes involves a
progressive increase in the defended level of the body’s dominant circulating fuel (glucose). This in turn explains the transient nature of glucose lowering induced by insulin and most
other glucose-lowering drugs; once the effect has worn off, the
blood glucose level returns to its original defended value,
regardless of whether an individual has type 2 diabetes.
Furthermore, we postulate that this pathogenic sequence
begins with or is exacerbated by an impaired ability of the
brain to accurately sense the circulating glucose level (i.e. a
form of ‘brain glucose resistance’) [64] (Fig. 1). Although
there is currently no direct evidence of a causal role for defective brain sensing of circulating glucose levels in type 2 diabetes pathogenesis, impaired brain responses to glucose are
well-documented in humans with type 2 diabetes [8–10].
Additional investigation of this hypothesis is an important
priority.
Based on this model, we propose that just as the defence of
increased body fat stores in obese individuals can be viewed
as a compensatory response [62], the defence of elevated
blood glucose levels is the predicted consequence of brain
glucose resistance (Fig. 2). Specifically, we propose that in
type 2 diabetes, impaired brain sensing of the blood glucose
level activates MBH glucoregulatory neurons, which in turn
raises the blood glucose ‘set point’ in an effort to compensate
for the underlying defect, and that suppression of GSIS is an
integral component of this response.
Additional support for the conceptual overlap between the
pathogenesis of obesity and type 2 diabetes stems from the
close association between these two disorders in humans and
the extensive overlap that exists between brain systems
involved in energy and glucose homeostasis (including the
VMN and adjacent hypothalamic areas) [16, 61]. Thus, we
propose that the pathogenesis of obesity and type 2 diabetes
involves an overlapping defect in two closely linked brain
control systems: energy homeostasis and glucose homeostasis
(Fig. 2). Extending this reasoning, just as the defence of an
elevated level of stored fuel (triacylglycerol) can be viewed as
a consequence of blunted responsiveness to adiposity negative
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Fig. 2 Brain-based model linking
obesity to the pathogenesis of
type 2 diabetes. Normal energy
homeostasis (a) entails brain
sensing of circulating adiposity
negative feedback signals (such
as the hormone leptin). In
response to this input, the brain
facilitates the matching of energy
intake to energy expenditure over
time so as to promote stability in
the amount of fuel stored as fat. In
obese individuals (b), reduced
brain sensing of adipose-related
negative feedback signals favours
the defence of an elevated level of
body fat mass. Progression of
obesity to type 2 diabetes (c) is
proposed to involve an expansion
of the underlying brain defect to
include impaired sensing of the
blood glucose level. This
combination of defects causes the
defended levels of both blood
glucose and adiposity to rise out
of the normal range, thus
contributing to the close
association between obesity and
type 2 diabetes. ARC, arcuate
nucleus; ME, median eminence;
NTS, nucleus tractus solitarius.
Figure created in Biorender.com.
This figure is available as part of a
downloadable slideset
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feedback signals in obesity, we propose that in those obese
individuals who go on to develop type 2 diabetes, the underlying defect expands to include an impaired ability of the brain
to sense the level of circulating fuel (glucose), with the
defended level of blood glucose increasing in compensation.
Accordingly, beta cell dysfunction leading to type 2 diabetes
is proposed to arise at least in part as a secondary consequence
of this underlying brain defect, since centrally mediated
suppression of GSIS is required for the brain to raise the
defended level of blood glucose sufficiently to overcome
impaired sensing of the blood glucose level by the brain. In
genetically susceptible individuals, a vicious cycle is then
created whereby hyperglycaemia and associated metabolic
decompensation cause further beta cell dysfunction. Studies
to test this hypothesis are a research priority.
A noteworthy and seemingly paradoxical finding is that
hyperinsulinaemia is reported to be predictive of the future
development of type 2 diabetes [57, 65, 66]. Neither the mechanisms underlying this insulin hypersecretion nor its link to
type 2 diabetes pathogenesis are understood. Nevertheless, it
occurs in normoglycaemic individuals and since it is not associated with insulin resistance [65], affected individuals may
also have reduced glucose effectiveness (otherwise, one
expects a lower blood glucose level). Indeed, reduced glucose
effectiveness is itself predictive of future development of type
2 diabetes in humans [67]. These considerations raise two
questions worthy of future study: (1) is hyperinsulinaemia a
biomarker of reduced glucose effectiveness in individuals at
risk for type 2 diabetes; and (2) given its unambiguous ability
to regulate glucose effectiveness, does the brain play a role in
the mechanism underlying this reduced glucose effectiveness?
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mechanisms might underly the pathogenesis of brain ‘glucose
resistance’ in type 2 diabetes; is this defect linked to mechanisms underlying the defence of elevated body fat stores in
obese individuals; and how does the brain regulate glucose
effectiveness? Answers to these questions may one day
inform type 2 diabetes treatment strategies designed to restore
the defended level of blood glucose to normal, rather than to
transiently lower blood glucose below its defended level. The
latter approach places limits on the efficacy of most current
therapies and can also place an unwelcome burden upon beta
cells that are ill-prepared to handle it.
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Conclusions
Herein, we introduce a model in which normal glucose
homeostasis hinges on intact brain sensing of the circulating
glucose level (Fig. 1) and propose that dysfunction of this
sensing process can be acquired in association with obesity
and plays a central role in type 2 diabetes pathogenesis (Fig.
2). This model is supported in part by evidence that the brain
has the capacity to restore the defended level of blood glucose
to normal in animal models of type 2 diabetes [51, 52], implying that a defect fundamental to the pathogenesis of
hyperglycaemia must reside in the brain and is targeted by
peptides such as FGF1.
Despite substantial progress, a mechanistic understanding
of the brain’s role in both glucose homeostasis and type 2
diabetes pathogenesis remains in its infancy and opportunities
to refine this understanding exist. Key questions include: how
does the brain sense the circulating glucose level; to what
extent does this process involve neurons vs non-neuronal cell
types (e.g. astrocytes, oligodendrocytes, tanycytes); what
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